The comparison of the particular accuracy envelope of a water meter with a consumer's diurnal demand pattern by means of a common reference facilitates the optimal selection of water meters.
Introduction
The selection of a water meter for a required duty is complex and the consequences of an incorrect selection are loss of performance, time and money (British Standard BS 7405, 1991) . A study undertaken in the United States found that generally water meters were oversized by some 50% when they were first installed (American Water Works Association, 1975) and a study for a South African coastal city found that nearly 65% of the water meters were oversized (Wild, 1997) . Under-registration and a consequent loss of revenue are the result of poorly selected or improperly installed water meters (Jeffcoate and Pond, 1989) .
The matching of theoretical water demand with the performance specification of a water meter is generally a common approach used by practitioners in the selection and sizing of a new water meter installation. Various codes or standards are used to establish these water demands in Britain (British Standard BS 6700, 1987) , Germany (Coe, 1978) and South Africa (SABS 0252, 1994) .
Water demands estimated by guidelines in South Africa such as the "Blue Book" (Department of Community Development, 1983) and "Red Book" (Department of Planning, Provincial Affairs and Housing, 1991) appear to over-estimate these water demands (Turner et al, 1997) . Recent research has also identified that these South African guidelines over-estimate peak flows (Booyens, 2000) . This paper describes the theory used in the development and application of a module of a computerised optimal water meter selection system that utilises the actual water demand pattern recorded by an existing water meter for comparison with various water meter performance specifications. The selection of a water meter that best "fits" the particular demand pattern is undertaken through a ranking process that considers the greatest weighted accuracy gain by the proposed meter, the minimum energy (head) loss and the lowest purchase price of the new meter. The final selection of the new meter is facilitated through the application of financial analysis techniques such as payback period, net present value (NPV) and internal rate of return (IRR).
Accuracy curve and envelope
Accuracy is the closeness of the actual reading to the true value and it includes the effect of both precision and bias error. Accuracy is greater when the indications are closer to the true value. Therefore, an accuracy of 99% is an inaccuracy of 1%. However, inaccuracy (or error) is sometimes referred to as "accuracy" (Miller, 1989) .
Accuracy envelopes are used to define the accuracy band within which the meter's accuracy curve is expected to be situated as well as its specified flow range.
The South African Standard Specification SABS 1529-1 (1994) as well as the International Standards ISO 4064 (1993) provide a generic definition of this accuracy envelope from the minimum flow rate (q min ) up to their maximum or overload flow rate (q s ) as follows:
• q min is the lowest flow rate at which the meter is required to give indications within the permissible tolerance and is specified as a ratio of the permanent flow rate (q p ) for various metrological classes of water meters.
• q p is the flow rate for which the meter is designed and at which the meter is required to give indications within the permissible tolerance under normal conditions of use. Available on website http://www.wrc.org.za
• q s is the rate that is equal to 2q p and also represents the highest flow rate at which the meter is required to operate in a satisfactory manner for a short period of time without deterioration. This short period of time is specified by some manufacturers as 24 h in the life of the meter. • Between q min and q p , a transitional flow rate (q t ) is specified dividing the flow range into two separate permissible tolerance zones. • q t is also specified as a ratio of q p for various metrological classes of water meters.
q p is also referred to as q n and q s as q max in the International Standards ISO 4064 (1993) . A typical accuracy envelope and curve for a mechanical meter is illustrated in Fig. 1 .
Water demand (usage) pattern
The amount of water demanded varies with the time of the day, day of the week and season of the year. Various types of consumers and combinations of these types can also influence a water demand pattern.
An example of a possible diurnal demand pattern for a residential area is illustrated in Fig. 2 . Factors that affect water use listed by the American Water Works Association (1985) include the following:
• Time of day and day of week. The minimum demand usually occurs in the early hours of the morning when most people are asleep and maximum demand occurs in the early evening. In some developing communities in South Africa, the domestic water demands can be greater on a weekend than during the week because of migrant workers returning home on weekends (Van Schalkwyk, 1996) .
• Climate and season of the year. Water demand is usually highest during summer months, particularly in warm, dry climates. The wetter the weather during a growing season of flora, the lower the seasonal demand for water in residential areas (Linaweaver et al., 1967) . These seasonal variations in water demand can be defined by monthly factors (or ratios ) of the annual average consumption. Seasonal variations were described to within 0.5% with the aid of Time-Series Analysis as well as a Fourier Series function and associated confidence limits through the analysis of 11 years of water consumption data for Port Elizabeth (Johnson, 1987 (Schlemmer et al, 1969) . Time-Series Analysis can be used to establish both the deterministic and stochastic components of variations in the water demand pattern (Johnson, 1987) . Typical deterministic components are those related to trend, cyclical and seasonal variations. The stochastic components are those irregular variations that could be caused by fire flows or other similar random events.
Large single user's demand patterns such as those for commercial buildings or industrial complexes are more amenable to assessment through field measurement than through theoretical predictions.
The computerised optimal water meter selection system allows for the seasonal adjustment of the actual water demand pattern that has been recorded for a short period. Seasonal adjustment factors, that have been determined by Time-Series Analysis, are used to adjust flow data logged during a specific time of the year, to be representative of the maximum for the year.
Matching measured water demand patterns and meter specification through weighted accuracies
The method adopted for the matching of actual water demand patterns, recorded by electronic data loggers, and a meter's performance specification is based on relative frequency curves and weighted accuracies.
The volume of water passing through the meter at various flow rates and for a selected time unit is calculated and then represented as a percentage of the total volume (for each flow rate range) of 
Figure 2
Example of a daily flow curve (AWWA, 1985) water passing through the meter during the monitoring period.
This approach plays a pivotal role in comparing water demand patterns and water meter accuracy envelopes to a common comparison reference.
The application of this methodology is illustrated through the use of flow data for the theoretical demand pattern given in Table 1 . A one-hour time unit has been used to simplify the calculations for illustration purposes. However, in practice, different time-intervals are used for the various sections of the pipe network where the load (flow) should be considered to be constant.
Tessendorff (1972) Due to the technical limitations of the chart-scanning equipment used for Tessendorff's project, the limit of accuracy of the flow interval was 20 s. Buchberger and Wells (1996) recorded the total instantaneous water demand of a limited sample of domestic residences in the United States in order to establish the intensity, duration, and frequency of these demands. Using electronic data loggers that could record a minimum flow interval of 1 s, the researchers found that nearly 98% of the total annual water consumed was for flow durations of more than 15 s. On average, when a water demand occurred, it had a duration of about 1 min.
Malan (1983) found that the duration of peak flows, for a small sample of domestic residences in South Africa, varied between 41 to 120 s. The computerised optimal water meter selection system has the capability to process electronically logged data with a sampling interval selectable from 60 s to 60 min.
The phenomenon of the shorter the duration with which peak flows are measured, the greater is the peak-flow (factor), has been described by Simpson (1989) , Johnson (1999) as well as Booyens (2000) . The use of shorter time-intervals than those suggested by Tessendorff would result in unrealistically high values being determined for the sizing of water infrastructure including water meters.
The percentage volume of water that coincides with the flow ranges for the performance specification of a particular water meter is then determined as illustrated in column 4 of Table 2 . The weighted accuracy of the particular water meter is established as the product of the error limits and percentage volume of water at those flow rates (column 4 of Table 2 ).
The weighted accuracy of the 80 mm diameter meter performance, matched the water demand profile given in Table 1 , is 97.849% (i.e. 100 -2.151). If the flow rate exceeds the meter's maximum specified flow rate by more than 30%, the error limit is assumed to be 100%.
Application of this method can be illustrated by assuming that the new meter specified in Table 2 was the proposed replacement for an existing meter, whereby 50% of the volume of water measured by the existing meter was at 1.3 x q s and 50% at greater than 1.3 x q s , which means a weighted accuracy of 47.5% (i.e. 100 -(5 x 0.5) -(50 x 1)) for the existing meter.
The new 80 mm diameter would provide a potential improvement in accuracy of 50.349% (i.e. 97.849 -47.5).
The assumption also made is that the existing meter is in a suitable operating condition and without appreciable mechanical wear that could adversely affect the flow data captured by electronic monitoring and presented in Table 1 . If there is doubt as to the existing meter's ability to capture a true representation of the water demand pattern, then the existing old meter can be replaced by a new meter of the same size and model for the duration of an electronic logging exercise.
In the case of existing unmetered supply pipes, the initial sizing of the meter could be undertaken through the application of other modules of the meter selection system which are based on design codes and standards applicable to that particular country or region. On installation, this provisionally sized meter could then be electronically logged and sized according to the method described here.
The application of this methodology is most suited to, although not restricted to, single mechanical water meters rather than a combination water meters that has wide flow range capabilities.
Energy cost
The accuracy curve of a mechanical meter is also influenced by the resistance of the measuring mechanism to the flowing water. The energy head loss of water flowing through a turbine water meter can be defined by Eq. (i). In many instances, the additional energy cost resulting from permanent pressure loss is a factor in flow meter selection. Pumping costs are sometimes significant in larger pipeline sizes and may justify the selection of a more expensive flow meter that either has a lower permanent pressure-loss coefficient or is obstructionless (Miller, 1989) . The average logged flow rate is used to establish the annual energy costs of the meter.
Economic/financial analysis
The potential annual revenue gained and energy costs reflect a part of the financial situation. For completeness it is desirable also to consider the financial suitability of an investment and to compare alternatives.
Capital budgeting techniques can be used to assist in the process of analysing and selecting appropriate long-term investment projects such as water meter installations. Factors determining a capital investment project's ultimate success are sometimes beyond an organisation's direct control. Such factors, known as exogenous variables, are interest rates, general economic conditions, consumer-demand patterns and so on. Together with the fact that the time horizon for some capital projects may extend far into the future, anticipating the time and benefit of these investment activities can be a highly uncertain process (The Economist, 1999) .
The capital budgeting techniques commonly used to select a financially favourable project include payback period, NPV and IRR.
The payback period (Gitman, 1994 ) is the time required for an organisation to recover its initial investment in a project as calculated from cash inflows. The decision criterion is that if the payback is less than the maximum acceptable payback period set by the organisation, the project or parameters selected will be acceptable. If the payback period is greater than the maximum acceptable payback period, the project should be rejected or the parameters reviewed and, if desirable, be adjusted and the model run again.
The NPV (Gitman, 1994) considers the time value of money and is found by subtracting a project's initial investment from the present value of its cash inflows discounted at a rate equal to the organisation's cost of capital. The decision criterion is that if the NPV is greater than R0, the project or parameters selected should be acceptable; if NPV is less than R0, the project should be rejected or the parameters adjusted and the model run again.
The IRR (Gitman, 1994 ) is a capital budgeting technique that uses the cost of capital to consider the time factor in the value of money. It is the discount rate that equates the present value of cash inflows to the initial investment associated with a project, thereby causing NPV = R0. The decision criterion is that if the IRR is greater than the cost of capital, the project and the parameters selected should be acceptable. If the IRR is less than the cost of capital, the project should be rejected or the parameters reviewed and, if desirable, adjusted and the model run again.
When cash flows do not follow the conventional pattern of an initial cash outflow, followed by subsequent cash inflows (i.e. further net cash outflows in later years), no single unique IRR value can be determined. This is because of Descarte's rule which relates to the IRR root being the root of a polynomial equation which results in several different solutions when applied to unconventional cash outflows.
Water meter selection system
The application of a computerised optimal water meter selection system, incorporating the previously detailed theory, was undertaken with a sample of logged data from a Meinecke WP 100 mm diameter water meter. The meter was monitored continuously with the aid of electronic loggers for a period of more than 20 d.
A time-interval of 15 min was selected for analysis of the logged data and the computer software identifying that a Meinecke WDP-100 mm would provide a 0.25% gain in accuracy. The performance specifications for these two meters are given in Tables  3 and 4. The software ranks the replacement meters in accordance with greatest weighted accuracy gain, lowest cost and within the selected energy head loss parameters. Fig. 1 Manufacturer's Manual
Seasonal correction of the water demand pattern can also be undertaken through the input of seasonal factors. These seasonal factors are applied to the demand profile, that might not have been measured in a peak season, to simulate a peak season demand profile measuring an increased volume of water. However, seasonal correction has been omitted from this example for the sake of simplicity.
A graphical representation of the two meter's error curves and volume usage at the various flow rates is given in Fig. 3 .
The development of the software's economic/financial model was based on an income statement incorporating economic analysis. The model has three main components, viz. income, expenditure and economic analysis.
The income component assists in establishing the potential income from the increased sale of water as a result of the improved accuracy over a possible greater range of operation of the new meter. These sales would be adversely influenced by nonrecoverable leakage/wastage of water and/ or the probability of non-payment by the consumer(s).
The proportion of the water tariff that can be attributed to the recovery of the costs of the new meter and its installation can also be estimated using a probability factor as a proxy variable for a marginal tariff. When a water meter is installed in a pipeline that is part of a particular pumping system, then the energy costs should be taken into account. The new meter could generate less energy loss than the original meter installed in the system. The savings in energy costs as a result of the proposed meter should be reflected as an improvement in income.
The expenditure component assists in establishing the estimated costs associated with the proposed meter and its complete installation. The main cost items are the purchase price of the new meter as well as its installation costs. Other costs can include operating and maintenance costs, royalties and levies as well as taxes such as value added tax (VAT) or general sales tax (GST) that a water authority might have to charge for water sales. Operating and maintenance costs could include those costs incurred to clean in-line protection screens and for routine inspections. In determining the depreciation of a new meter, it is important to match the cost of the service capacity consumed with the income generated by the use of the asset. A fixed percentage of the total investment is recommended for simplicity. Depreciation, however, is a source of funds as it represents a "non-use" of funds and must be added to the net surplus (profit) after taxes. Economic analysis is used to appraise whether the investment in the new water meter is feasible or not and whether it can produce an optimal surplus (marginal cost = average cost) in years to come. The capital budgeting techniques included in the software include the previously described payback period, NPV and IRR.
Application of the software model in the analysis of the assumed data for the cost of a WPD 100 replacement water meter, a 9% per annum cost of capital, a 15% tax rate as well as the probability of income of 95% indicates that the project is economically viable as illustrated in the results in Table 5 . An annual operating and maintenance cost of R800 and the loss of revenue due to a measured nett minimum night flow of 30 m³/h indicate that the total costs of new meter installation will pay for itself within 4 years and generate a return on investment of nearly 16%.
Although the initial (arbitrary) depreciation period was selected as 10 years, subsequent sensitivity analysis illustrated in Table 6 indicates that a 5-year depreciation period to be more suitable.
A sensitivity analysis of the original scenario depicted in Table 5 was undertaken through the re-application in turn of various variables to this original scenario. The results of this analysis are given in Table 6 .
If allowance is made for the deterioration in the accuracy of the new meter of 0.01% per year, which would result in a reduced accuracy gain over the existing meter over time, then the payback period is increased by 1 year to 5 years. If the meter was not part of a pumping system, then the energy costs/savings would be zero and payback period would also increase from the original 4 years to 5 years. A doubling of the water tariff from R1.50/m³ to R3/m³ would reduce the payback period by 2 years in this example.
Concluding remarks
The incorrect matching of a particular water meter performance with the demand characteristics of a consumer can result in the loss of revenue to a water authority. The estimation of the amount that this loss can be reduced to due to the correct selection of a replacement meter can justify the selection process.
The matching of a particular meter accuracy envelope and a consumer's water demand/usage profile through weighted accuracies play a pivotal role in these comparisons with a common reference.
Economic/financial analysis based on an income statement together with capital budgeting techniques assists in determining the financial suitability of the proposed investment in the replacement meter and its installation. Sensitivity analysis facilitated the identification of which variables influence the economical viability of installing a new water meter. 
